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Macromolecular crowdingThe most popular model of gene activation by remote enhancers postulates that the enhancers
interact directly with target promoters via the looping of intervening DNA fragments. This interac-
tion is thought to be necessary for the stabilization of the Pol II pre-initiation complex and/or for the
transfer of transcription factors and Pol II, which are initially accumulated at the enhancer, to the
promoter. The direct interaction of enhancer(s) and promoter(s) is only possible when these ele-
ments are located in close proximity within the nuclear space. Here, we discuss the molecular mech-
anisms for maintaining the close proximity of the remote regulatory elements of the eukaryotic
genome. The models of an active chromatin hub (ACH) and an active nuclear compartment are con-
sidered, focusing on the role of chromatin folding in juxtaposing remote DNA sequences. The inter-
connection between the functionally dependent architecture of the interphase chromosome and
nuclear compartmentalization is also discussed.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction the basis for nuclear organization. The territorial organization ofThe importance of the genome spatial organization for the reg-
ulation of gene expression has been ﬁrst demonstrated through the
preferential sensitivity of active genes to DNase I [1]. In the last
decade, increasing interest in this problem has been triggered by
observations that the mutual positioning of genes and regulatory
sequences within the nuclear space and their positioning with re-
spect to functional nuclear compartments might be important for
transcriptional control. The studies performed using both cytolog-
ical (ﬂuorescence in situ hybridization (FISH), immunostaining)
and biochemical approaches (chromosome conformation capture
(3C) and derivative protocols commonly known as C-methods
[2]) resulted in an integral view of the eukaryotic cell nucleus,
where the domain organization of the genome is highly associated
with chromatin folding and the functional compartmentalization
of the nuclear space [3,4]. The chromosomal territories separated
and perforated by the ramiﬁed interchromatin domain constituteinterphase chromosomes has been extensively reviewed [5–7]
and we will not discuss it here. Promoter–enhancer communica-
tion is of particular importance as a possible mechanism for medi-
ating the functionally dependent spatial positioning of genes and
regulatory elements. Although there are different models of enhan-
cer-mediated promoter activation, the most popular mechanisms
suggest that the physical approach and direct contact between
enhancers and promoters is necessary for the enhancer action
[8]. Particularly, the active chromatin hub (ACH) model [9] postu-
lates that distant regulatory elements that control the expression
of tissue-speciﬁc genes assemble into a common ACH complex,
to which the promoters of transcribed genes are recruited. The
model is supported by evidence obtained using the 3C protocol
to study several experimental models, particularly, the domains
of beta- and alpha-globin genes of vertebrates [10–15]. Although
the 3C protocol [16] and derivative methods [2] demonstrate the
interactions between distant genomic elements, the portion of
cells in which two particular DNA sequences interact cannot be
estimated, as the average interaction proﬁle for a cell population
is analyzed in these studies. Thus, it is difﬁcult to determine
whether the identiﬁed complexes are stable or short-lived. Fur-
thermore, the 3C protocol [16] only illustrates the pairwise interac-
tions of different genomic regions. The existence of complex
assemblies of regulatory elements can be inferred based on the
existence of a set of pairwise interactions between several genomic
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over, the alternative possibility that different pairwise interactions
exist in different cells present in a population cannot be ruled out
based on the results of the 3C experiments.
Although the idea that enhancers and promoters should be jux-
taposed in the nuclear space has gained much support, the exact
mechanism of this juxtaposition remains unknown. The classical
model of ACH [9] suggests that ACHs are stabilized through inter-
actions between proteins bound to different regulatory elements.
However, it is equally possible that promoters and distant regula-
tory elements transiently interact and are held in spatial proximity
through the speciﬁc folding of a relatively large chromatin domain.
In this case, the folded chromatin domain containing the juxta-
posed regulatory elements could be considered as a nuclear com-
partment (an expression hub [17,18]). Notably, the structural
basis of nuclear compartmentalization and functionally dependent
genome folding remains a matter of debate. The popular hypothe-
ses include, but are not limited to, the following: (i) fully functional
interactions, in particular, associations between the transcribed
genes in transcription factories [19]; (ii) the existence of an
uncharacterized nuclear skeleton or matrix [20–22]; and (iii) the
effect of macromolecular crowding [23,24]. Here, we will discuss
different mechanisms that might mediate the mutual positioning
of regulatory elements in interphase chromosomes.
2. ACH model
The ACH model postulates that distant regulatory elements
(enhancers) and promoters of target genes are assembled in a com-
mon complex [9] (Fig. 1A). This complex is likely stabilized through
interactions between proteins bound to the DNA sequences in-
volved in the assembly of ACH. Both transcription factors [25–27]
and special ‘‘communication’’ proteins [28–30] were reported to
mediate the interaction of distant regulatory elements. Of particu-
lar interest is the observation that some DNA elements are indis-
pensable for the assembly of ACH, while the others may or may
not be present. In human alpha-globin gene domain, the locus con-
trol region (LCR)-like element, known as HS-40 (DNAse I hypersen-
sitive site 40), is essential for the formation of ACH. The removal
of this element abolished all other spatial interactions within the
domain. Interestingly, the correct spatial organization of the do-
main was restored when the 40 element (normally located
40 Kb upstream of the alpha-globin gene cluster) was reinserted
downstream of the cluster [15]. A service element, which does
not possess an enhancer activity but is necessary for the formation
of ACH, has been identiﬁed in the human AML gene [31].
Although the pairwise interactions of the regulatory elements
assembled into an ACH have been well documented in different
model systems (for a review see [32]), the exact nature of the
ACH remains obscure. The isolation of DNA–protein complexes,Fig. 1. The ACH models. (A) The chromatin hub as a rigid complex of regulatory
elements. (B) The chromatin hub as a nuclear compartment. The black lines
represent segments of chromatin ﬁbers with regulatory elements shown as white
boxes. The circles symbolize transcription factors and transcription machinery
proteins; rings–cohesion complexes.which could represent ACHs, has not been reported. The resolution
of ﬂuorescent microscopy is not high enough to study the ﬁne
structure of ACH. A recent study demonstrated that upon differen-
tiation of mouse erythroid cells, the beta-globin locus acquired a
more compact conﬁguration, as evidenced from the reduction of
the volume occupied by the locus [33]. Furthermore, it was demon-
strated that upon induction of globin gene transcription, the shape
of a folded chromatin domain occupied by the beta-globin locus
became more round [33]. Although these observations are consis-
tent with predictions based on the ACH model, the validity of the
expression hub/active chromatin compartment model (see below)
cannot be ruled out, as both models suggest that promoters and
distant regulatory elements of a gene domain are brought in close
vicinity in the nuclear space to ensure transcription activation. The
resolution of the approach used in this study only permitted the
analysis of the shape and dimensions, but not the internal organi-
zation, of the relatively large chromatin domain (128 Kb of DNA,
more than 200 nm in each direction).3. Active nuclear compartment (expression hub)
As discussed in the previous section, the ACH model suggests
that enhancers and promoters are held together through the inter-
action of proteins bound to each of these elements (Fig. 1A). It was
assumed that these DNA–protein complexes could be further stabi-
lized via formaldehyde cross-linking and solubilized after DNA
cleavage by restriction enzyme(s) and nuclei lysis by SDS
[10,16,34]. Recent studies have demonstrated that this assump-
tion, which constitutes the basis of the 3C procedure, might be
incorrect [35,36]. It has been reported that the major portion of
DNA/chromatin fragments cannot be solubilized from cross-linked
nuclei. Consequently, the proximity ligation step in the 3C proce-
dure proceeds in non-lysed nuclei in a chromatin cage rather than
in a diluted solution, as originally proposed. Furthermore, the
maintenance of the chromatin cage appears essential for the detec-
tion of 3C signals [36]. Based on these observations, we have sug-
gested that the higher-order chromatin domain folding constitutes
a primary determinant in establishing/securing the proper mutual
positions of enhancers and promoters [36] (Fig. 1B). It was previ-
ously proposed that transcribing genes and distant regulatory ele-
ments should be placed in the same nuclear compartment, an
expression hub, where they form different short-lived associations
[18]. Our data [36] ﬁt this model perfectly. The disposition of an
enhancer (or a block of enhancers) and several promoters in close
spatial vicinity secured through the speciﬁc folding of the large
chromosomal domain (Fig. 1B) facilitates the establishment of
short-lived alternating associations between the enhancers and
different promoters, resulting in the alternating transcription of
different genes, a phenomenon observed in cells expressing globin
genes [37]. At ﬁrst view the results demonstrating the ability of the
LCR-like element HS-40 of the human alpha-globin gene locus to
ensure the correct spatial positioning of globin genes promoters
and enhancers [15] argue against the supposition that the conﬁgu-
ration of a chromosomal domain is essential to secure this posi-
tioning. Indeed, relocation of a regulatory element to a new
genomic position should drastically affect its ability to participate
in shaping of the parental chromatin domain due to the perturba-
tion of spatial connections. On the other hand, being inserted in an
ectopic position this element still may constitute a platform for the
assembly of a chromatin hub. However, in the above-mentioned
experiments, the HS-40 was reinserted immediately downstream
of the alpha-globin gene cluster [15]. Thus, HS-40 remained within
the same chromosomal locality and possibly could support the cor-
rect conﬁguration of the chromatin domain harboring alpha-globin
genes.
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Although the abbreviation ‘‘ACH’’ suggests an association be-
tween the formation of chromatin hubs and transcription activa-
tion, the opposite process has also been well documented. The
best-studied cases involve the interactions of PcG targets [35,38–
40]. The assembly of PcG targets into repressive chromatin hubs
(RCH) likely enhances the level of PcG-mediated transcriptional
silencing [41]. In Drosophila cells, the formation of silencing loops
between PcG targets is mediated through insulators. In mamma-
lian cells, the situation is less clear. There is some evidence demon-
strating the necessity of the PcG protein EZH2 for this association
[42], while other studies suggest the involvement of CTCF [43].
Whatever is the precise mechanism of the RCH formation, it is clear
that the repression mediated through PcG proteins involves the
reconﬁguration of chromatin in a relatively large genomic area.
Thus, RCH are to be considered as chromatin domains or functional
(in this case – repressive) nuclear compartments. Notably, they are
also known as PC bodies [44], a name that shows that indeed they
are regarded as nuclear compartments similar to ND10 bodies,
splicing speckles et cetera. Another example of repressive nuclear
compartments includes genes held in proximity to the nuclear
lamina [45,46]. Here, again, relatively large folded inactive chro-
matin domains are formed.5. How the functionally dependent architecture of interphase
chromosomes is established and maintained
As discussed in the previous sections, the peculiarities of inter-
phase chromosome folding are associated with the cell lineage-
dependent patterns of transcribed and repressed genes. It is there-
fore possible to consider the establishment of functionally depen-
dent architecture of interphase chromosomes in differentiated
cells. Speciﬁcally, what elements support this architecture? Some
possibilities were outlined in the Introduction. Here, we will dis-
cuss these potential mechanisms in more details.
5.1. Interaction of distant genomic elements mediated through bound
proteins
It has long been proposed that the targeted interaction of dis-
tant genomic elements (i.e., promoters and enhancers or insula-
tors) might organize chromatin ﬁbers into loops (for a review see
[47]). The loops can be stabilized through different mechanisms.
It has been reported that transcription factors (both ubiquitous
as Sp1 [48] and tissue-speciﬁc as GATA1 [48]) mediate interactions
between the distant genomic elements (Fig. 1A; see also Section 2,
ACH model). Furthermore, the insertion of a transcription factor-
binding site between an enhancer and a promoter traps the enhan-
cer through the formation of a ‘‘non-functional’’ loop [48]. To this
end, many characterized enhancer-blocking elements resemble
promoters or even possess promoter activity [49–51]. However,
it is not known whether interactions of transcription factors bound
to distant regulatory elements are strong enough to hold the ends
of a large chromatin loop. Artiﬁcial chromatin loops can be formed
through lambda repressor [48]. However, the stability of lambda
repressor complexes and the strength of the repressor interaction
with target DNA sequences are likely to signiﬁcantly surpass the
stability of transcription factor complexes and the strength of their
interactions with the corresponding recognition sites on the DNA.
Still, the ends of a chromatin loop might be held together through
numerous weak interactions that, in combination, might ensure
the stability of the complex. Furthermore, there could be certain
cooperativity in binding of different factors to the ends of chroma-
tin loops resulting in an assembly of a large and relatively stablecomplex. Another possibility is that special communicator proteins
are required to maintain enhancers and promoters in spatial prox-
imity. The best known example of such proteins is CTCF, a factor
essential for the enhancer-blocking activity of vertebrate insulators
[52–55]. Importantly, CTCF cooperates with cohesin to organize
the genome into loops [56–59]. Considering the canonical role of
cohesion in chromatid pairing, one can hardly question the ability
of the cohesion complex to hold together the ends of chromatin
loops (Fig. 1B). To this end, it is of interest that cohesion was also
reported to stabilize large DNA–protein complexes assembled
without CTCF (ex.: the above-discussed complexes of regulatory
DNA sequences and transcription factors) [60].
5.2. Shaping of a chromatin domain
The distant genomic elements might be retained in close prox-
imity as a result of the peculiarities of chromatin domain folding
(see also the Section 3). The mechanisms underlying higher-order
chromatin folding are not yet well understood. Still, it is clear that
even at the level of chromatin organization into 30-nm ﬁbers, a sig-
niﬁcant degree of ﬂexibility exists [61,62]. It is likely that at higher
orders of chromatin packaging, the degree of ﬂexibility is even
higher. The regulation of chromatin packaging through non-chro-
matin proteins and/or non-coding RNAs provides a mechanism
for bringing together distant genomic elements. Experimental evi-
dence suggests that the interphase chromosome is partitioned into
approximately 1-Mb globular domains [63,64]. However, the exact
path of the chromatin ﬁber in these globules may be modiﬁed to
reconcile chromatin folding with different functional processes. In-
deed, in the human alpha-globin gene domain even partitioning of
a large folded globule into smaller ones related to the onset of glo-
bin gene transcription has been reported [65].
A variety of factors inﬂuencing higher levels of chromatin pack-
aging can be considered. The formation of short stretches of con-
densed chromatin drastically affects the path of the chromatin
ﬁber within larger folded domains. Thus, proteins participating in
heterochromatin formation, such as HP1 and Polycomb, and his-
tone methylases mediating H3K27 and H3K9 methylation are
likely to be important for shaping chromosomal domains. Simi-
larly, factors inﬂuencing the dynamics of the 30-nm chromatin ﬁ-
ber, including different modiﬁcations of histone tails, the
deposition of H2ABbd and Macro-H2A histone variants and inter-
actions with architectural proteins [61,66], affect the conﬁguration
of large chromatin domains. Proteins that bend DNA obviously
change the path of the chromatin ﬁber within a folded domain.
To this end, it is reasonable to consider ﬁrst of all the inﬂuence
of HMGB1 (HMG1), an abundant nuclear protein [67,68]. However,
there are many other proteins that bend DNA, including transcrip-
tion factors [69–72], proteins involved in the initiation of DNA rep-
lication [73,74] and even CTCF [75]. The structural characteristics
of DNA (i.e., easily denatured, permanently curved and capable of
forming non-canonical secondary structures DNA sequences)
might also contribute to the speciﬁcity of chromatin ﬁber folding.
The intrinsic properties of DNA sequences (i.e., the ability to form
non-canonical structures) might be further modulated through
interactions with different proteins.
The conﬁguration of large folded chromatin domains is highly
dynamic, as these domains adopt a number of alternate conﬁgura-
tions depending on external factors. However, the balance between
these alternate conﬁgurations might be inﬂuenced through intra-
ﬁber links (Fig. 2A). These links might be formed through interac-
tions between insulators, cohesion rings, et cetera (see the previ-
ous section). The difference from the ACH model is that these
links do not necessarily occur close to the promoters and enhanc-
ers. Instead, these elements are brought into close spatial proxim-
ity through chromatin domain folding, and the enhancers and
Fig. 2. The models showing how the architecture of interphase chromosomes
might be established and maintained. (A) The shaping of a chromatin domain
through intra-ﬁber links (the links are shown as dotted lines). (B) Repositioning of
genes/regulatory elements (white boxes) to a transcription factory (central sphere).
(C) DNA loops attached to the nuclear matrix (circles represent nuclear matrix
proteins; vertical strokes show putative interaction of MAR elements with the
nuclear matrix. (D) Macromolecular crowding stabilize large protein and protein–
DNA complexes (small circles represent soluble macromolecules; large circles–
macromolecular complexes bound to a chromatin ﬁber).
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the nuclear space to facilitate the formation of the alternate short-
lived complexes necessary for the activation of individual
promoters.
5.3. Recruitment/repositioning of genes/regulatory elements to speciﬁc
nuclear compartments
In the eukaryotic cell nucleus the transcriptional machinery is
concentrated in speciﬁc compartments known as transcription fac-
tories. Accordingly, the genes to be transcribed are assumed to
relocate to transcription factories (for a review see [76–79])
(Fig. 2B). The relationship between ACHs and transcription facto-
ries is rarely discussed. However, it is clear that ACHs constitute
part of the transcription factories because ACHs contain the pro-
moters of active genes. An analysis of the principles of gene assem-
bly into transcription factories revealed a limited degree of
speciﬁcity. Tissue-speciﬁc genes are assembled into so-called spe-
cialized transcription factories [80,81]. However, the transcription
factories shared by tissue-speciﬁc and housekeeping genes have
also been described [82,83]. It has been proposed that association
of transcribed genes in transcription factories is by itself sufﬁcient
to maintain cell lineage-speciﬁc spatial organization of interphase
chromosomes [19]. The active Pol II complexes may be held to-
gether through the depletion attraction of large objects in a
crowded solution (see Section 5.5). However, the depletion attrac-
tion cannot explain the speciﬁcity of gene assembly into transcrip-
tion factories, particularly in cases of recruitment to common
transcription factories of speciﬁc genes located on different chro-
mosomes [84]. Even less clear are the mechanisms for the reloca-
tion of genes to transcription factories, as this relocation is
believed to occur before the assembly of the pre-initiation Pol II
complexes [78,85]. When transcription activation occurs in the
course of cell differentiation, the reshaping of chromatin domains
(see above) will be sufﬁcient to bring certain, even distantly lo-cated genes, into the same nuclear location (Fig. 2B). For genes rap-
idly switched on in response to an external stimulus, the
mechanism underlying the close approximation of these genes in
the same nuclear location (sheared transcription factory) [86] is
completely unclear.
Although the transcription factories are the most likely candi-
dates for the role of organizers of the chromosomal domains in
the nuclear space, other functional compartments should also be
considered. For example, it has been observed that actively tran-
scribed genes are relocated in close proximity to PML/ND10 nucle-
ar bodies [87,88]. Unfortunately, in this case, the mechanisms
mediating this relocation also remain obscure.
5.4. The nuclear matrix
The highly controversial concept of the internal nuclear skele-
ton or nuclear matrix has been discussed in the literature for more
than 40 years [21,89–93]. Although this illusive structure has not
been characterized, the idea that a skeletal network might underlie
the nuclear compartmentalization was so attractive that the nucle-
ar matrix concept has survived for many years, despite much skep-
ticism [94]. The results of early studies suggested that all
functional processes in the eukaryotic cell nucleus, including repli-
cation and transcription, occur at the surface of a high-salt insolu-
ble skeletal structure. Furthermore, the DNA was found to be
organized into 50–150-Kb closed loops ﬁxed at this skeletal struc-
ture via origins of DNA replication (for a review, see [21,95,96])
(Fig. 2C). Although these observations have not been refuted, their
biological signiﬁcance was questioned [97,98] because the protein
composition and principles of organization of the nuclear matrix/
skeleton were not characterized, despite reports claiming to have
achieved the isolation and/or visualization of this structure (see,
for example [99–101]). Nevertheless, the idea of the nuclear matrix
remains attractive to scientists [93,102]. The architectural role of
non-coding RNAs is currently being widely discussed [103–105].
To this end, the involvement of RNA in the organization of the nu-
clear matrix has long been proposed based on different experimen-
tal observations [106,107]. The reconsideration of the entire
mechanism from this viewpoint might provide insight into the
concept of the nuclear matrix. Accordingly, SAF-A, a nuclear matrix
protein, has also been identiﬁed as an hnRNP protein U [108].
Although this ﬁnding initially compromised the importance of
observations demonstrating the role of this protein in the nuclear
matrix, there are many examples that one protein can perform dif-
ferent functions. Indeed, SAF-A/hnRNP-U is involved in the regula-
tion of transcription [109,110], alternative splicing [111] and Xist
RNA positioning on the inactive copy of the female X chromosome
[112,113]. In the latter case, SAF-A/hnRNP-U functions as a bona
ﬁde architectural protein.
An important outcome of the studies of the nuclear matrix and
DNA interactions with the nuclear matrix was the identiﬁcation of
scaffold/matrix attachment regions on DNA (S/MARelements
which were originally named SARs or MARs) [114–117] and S/
MAR-binding proteins (reviewed in [118]). Regardless of their role
in the organization of DNA with respect to the nuclear matrix, both
S/MARs and S/MAR-binding proteins are likely to be important
architectural elements in the eukaryotic chromosomes involved
in the control of chromatin ﬁber dynamics. To this end, lamins A
and B possess properties of S/MAR-binding proteins [119]. Thus,
S/MAR elements might play a role in the retention of speciﬁc genes
or chromatin domains at the nuclear periphery. The lamins also re-
side in the nuclear interior [120,121] with the structurally related
protein NuMA [92], which also speciﬁcally binds S/MARs in vitro.
Considering the ability of lamins and NuMA to dimerize and
assemble into ﬁlamentous structures, it is reasonable to hypothe-
size how the interactions of the S/MARs with these proteins hold
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organization of chromatin ﬁbers into loops. Indeed, in some model
systems the interaction of S/MARs with lamins was functionally
relevant [122]. Another S/MAR-binding protein that mediates
chromatin looping is SATB-1 (special AT-rich sequence binding 1)
[123]. Several reports demonstrate the important role of SATB1
in the integration of the higher-order chromatin architecture with
transcription regulation via formation of chromatin loops stabi-
lized through inter-S/MAR association [124–126] and gene target-
ing to speciﬁc nuclear compartments [127]. Nucleolin, an abundant
nucleolar protein involved in the control of the chromatin ﬁber
dynamics, was also reported to bind S/MARs with high afﬁnity
[128]. However, the potential role of this protein in the shaping
of chromatin domains has not been explored.
Importantly, the binding of proteins to S/MARs relies on the
physical properties of these genomic elements rather than on a
particular DNA sequence motif [119,129]. Thus, various S/MAR-
binding proteins might compete for the same target, suggesting a
wide range of possibilities that affect and regulate DNA looping
mediated through SATB1 or lamins via the exclusion from interac-
tions of S/MARs bound to other proteins.5.5. Macromolecular crowding
In solutions of macromolecules and macromolecular com-
plexes of different sizes, the large objects tend to gather together
due to depletion attraction [130,131]. It has been proposed that
crowding forces play an important role in the formation and sta-
bilization of different nuclear compartments, including nucleoli,
the nuclear matrix and PML bodies. Indeed both nucleoli and
PML bodies were disassembled under hypotonic conditions and
reassembled upon the addition of a crowding agent [132]. In
addition, crowding agents promote the aggregation of chromatin
ﬁbers in vitro [133] and chromatin compaction in vivo [24].
Based on these data and other observations and theoretical con-
siderations, it was proposed that depletion attraction constituted
the main driving force in the assembly of different nuclear com-
partments [23,134,135] (Fig. 2D). This idea gained further exper-
imental support from evidence that crowding agents stimulate
the assembly of telomeric DNA G-quadruplexes [136] and mod-
ulate their structure [137]. Using Monte Carlo simulations, it was
demonstrated that crowding forces alone explain the main char-
acteristics of the interphase chromosome territorial organization
observed in cell nuclei [138].
Although it is evident that macromolecular crowding stimulates
the assembly of nuclear compartments and assists in shaping
interphase chromosomes (Fig. 2D), the depletion attraction alone
cannot account for the speciﬁcity in the assembly of macromolec-
ular complexes into nuclear compartments. Nevertheless, this
speciﬁcity obviously exists. Indeed, transcription and replication
factories are distinct compartments. The same is true for PML
bodies, Cajal bodies and other similar structures. The recruitment
of genes to transcription factories is clearly non-random and can-
not be explained by the simple assumption that neighboring genes
are attracted to the same transcriptional factory. Indeed, the c-Myc
and Igh genes are preferentially recruited to the same transcription
factory although they are located on different chromosomes [84].
Although depletion attraction might indeed constitute the driving
force for nuclear compartmentalization, the action of this force is
likely regulated through other factors. Here we come to answer
the question: ‘‘how relatively weak interactions of transcription
factors can hold together the ends of a large chromatin loop?’’.
As soon as it is understood that these interactions only modulate
the action of crowding forces, it becomes clear that by themselves
they should not necessarily be very strong.6. Dynamics versus statics
The distinctive feature of all cellular architecture is its dynamic
nature. Indeed, an exchange of proteins between different com-
partments and the nucleoplasm occurs rapidly within minutes
and, in many cases, even seconds [139]. Although the centers of
chromosomal territories have preferential radial positions in the
interphase nucleus, the deviations from this average are so consid-
erable that each chromosomal territory might be found almost
anywhere in the nucleus [5–7]. Live imaging studies showed that
chromatin domains move locally and change conﬁguration within
seconds [140–143]. The fast exchange of proteins involved in the
organization of heterochromatin [144–146] suggests that hetero-
chromatin domains are constantly assembled and disassembled.
The equilibrium between these processes determines the actual
state of condensed chromatin domains. The dynamics of the 30-
nm chromatin ﬁber has been previously discussed (Section 5.2).
Taken together, these observations suggest that mobility is an
intrinsic feature of both chromatin and nuclear compartments.
Furthermore, the plasticity and dynamism of chromatin folding
and nuclear compartmentalization are biologically relevant. In-
deed, if a chromatin domain can spontaneously adopt several alter-
native conﬁgurations, resulting in various positioning of genes
with respect to each other and nuclear compartments, there is no
need to expend energy for any type of directional movement,
and there is no need for molecular motors. It is therefore necessary
to select and ﬁx or stabilize the conﬁguration that best ﬁts the par-
ticular situation. The order in the cell nucleus appears to emerge
from occasional events. There is not much determinism in estab-
lishing this order but, rather, the order is based on a continuous
series of choices between different possibilities.7. Conclusions and perspectives
Although nuclear compartmentalization and functionally-
dependent chromatin folding have long been considered sepa-
rately, it is becoming evident that they are tightly associated. Nota-
bly, even the place for the location of different nuclear bodies, the
interchromatin compartment is generated through a special mode
of interphase chromosome folding. The best-known nuclear com-
partment, the nucleolus, is a direct product of the activity of rRNA
genes. The arrest of Pol I transcription drastically affects the struc-
ture of the nucleolus [147,148]. Similarly, other compartments are
constructed through different functional processes. The relocation
of a gene in the vicinity of heterochromatin (i.e., to the peripheral
nuclear layer) results in the inactivation of this gene. This repres-
sion likely depends on the excessive concentration of repressive
agents, such as histone deacetylases and proteins participating in
heterochromatin organization. The presence of these agents in
the vicinity of heterochromatin clusters occurs as a consequence
of the dynamic nature of these clusters, which are constantly dis-
assembled and reassembled (see Section 6). This mechanism likely
occurs in other nuclear locations. Tissue-speciﬁc active chromatin
compartments/hubs likely retain an excessive amount of tissue-
speciﬁc transcription factors to move the equilibrium in the direc-
tion of assembly rather than disassembly. The attraction of other
genes to these compartments might have different and even oppo-
site consequences, depending on the activation of these genes
through transcription factors overrepresented in the locality
[149]. The repositioning of a gene, as a consequence of chromo-
somal inversion, to the vicinity of a tissue-speciﬁc gene domain re-
sults in the acquisition of a new tissue speciﬁcity and incorporation
into the regulatory network of a tissue-speciﬁc gene domain [150].
The functional compartmentalization of the eukaryotic cell nucleus
is thus more profound and diversiﬁed than ﬁrst assumed. The tran-
S.V. Razin et al. / FEBS Letters 587 (2013) 1840–1847 1845scription factories are likely to include both house-keeping and tis-
sue-speciﬁc genes. Importantly, this organization is established in
the course of cell differentiation associated with the activation and
repression of particular sets of genes. It will be interesting to trace
the changes in the nuclear compartmentalization associated with
the differentiation of stem cells and/or induced pluripotent cells.
Similarly, studies of the reorganization of nuclear compartments
under stress conditions might provide interesting results. Another
important task for future research is the elucidation of the princi-
ples of chromosome partitioning into approximately 1-Mb globu-
lar domains [63,151]. It will be interesting to determine what
deﬁnes the speciﬁcity of this partitioning and how 1-Mb domains
are associated – if at all – with replication factories.
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